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x* , y* , z* . , $y^{*}=$
$\pm d/2,$ $z^{*}=\pm h/2$ . ,
, $z^{*}=\pm h/2$ $\tau*=\tau_{0}\mp\triangle T/2$ . , To
, $\triangle T(.>0)$ , – .
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$h$ , $U_{0}$ , \Delta T ,
. , .
$A=d/h$ . , $|y|\leq A/2,$ $|z|\leq 1/2$
. $P$ , $u=(u, v, w)$ , $T$ ,
.
$\nabla\cdot u=0$ , (1a)
$\partial_{t}u+(u\cdot\nabla)u=-\nabla(p+ghz/U_{0}^{2})$
$+RaP_{\Gamma}-1Re-2[\tau-T_{0}/(\triangle T)]e_{3}+Re^{-1}\nabla^{2}u$ , (1b)
$\partial_{t}T+(u\cdot\nabla)T=Pr^{-1}Re^{-1}\nabla^{2}\tau$ . (1c)
, $g$ , $e_{3}$ .
$Re$ , $Pr$ , $Ra$ ,
.
$Re=hU_{0}/l\text{ }$, $Pr=\nu/\kappa$ , $Ra=\alpha\Delta Tgh^{3}/(\nu\kappa)$ .
, $\nu$ , $\kappa$ , $\alpha$ .
, $z=\pm 1/2$ $y=\pm A/2$ $u=0$ . ,
$z=\pm 1/2$ $T=T_{0}/(\triangle T)\mp 1/2$ , ,
$T=T_{w}$ . . $\tau_{w}=\tau_{0}/(\triangle\tau)-Z$ .
, , (1) . ,
, –P, $\overline{U},\overline{T}$ . $x$ – ,
$\overline{U}=(\overline{U}(y, z),$ $0,$ $\mathrm{o}),$ $\overline{\tau}=\overline{\tau}(y, z)$ . ,
$\overline{T}=T_{0}/(\triangle\tau)-Z$ . , –U
.
$(\partial_{yy}+\partial_{zz})\overline{U}=$ (2)
$y,$ $z$ . $x$ .
, 1
. $\overline{U}$ , $y=\pm A/2,$ $z=\pm 1/2\text{ }\overline{U}=0$ .
$\overline{U}$ , (2)
. , , $\overline{U}$ $\neq_{\mathrm{I}}$
. , $\supset \mathrm{i}$
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, . $\overline{U}$ $y,$ $z$
,
$\overline{U}(y, z)=\sum_{=m0}^{M_{U}}\sum_{n=0}U_{m}n\tau 2m(2y/N\sigma A)\tau_{2n}(2z)$ (3)
. , $T_{n}$ $n$ $\neq$ $\supset$: . (3) (2)
, $U_{mn}$ .
, —z– .
, $A=1,2$ $M_{U}=N_{U}=59$ , A $=3,4$
$M_{U}=N_{U}=69$ .




$\partial_{\mathrm{r}^{\hat{u}}}+(\overline{U}\cdot\nabla)$ $\text{\^{u}}+(.\text{\^{u}} \cdot\nabla)\overline{U}+(\hat{u}\cdot\nabla)$ \^u
$=$ $-\nabla\hat{p}+R.e^{-1}\nabla^{2}\hat{u}+RaPr^{-1}Re^{-2}\hat{\theta}e3$, (4b)
$\partial_{t}\hat{\theta}$ $\overline{U}\partial_{x}\hat{\theta}-\hat{w}+(\hat{u}\cdot\nabla)\hat{\theta}=Pr^{-1}Re-1\nabla 2\hat{\theta}$. (4c)
, $y=\pm A/2,$ $z=\pm 1/2$ $\text{\^{u}}=\hat{\theta}=0$ .
3.
, ( ) ,
. 12-14
, 5,6 , ,
.
, ,
$\Psi(x, t)\equiv(\hat{p}(x, t),$ \^u $(x, t),\hat{v}(x, t),\hat{w}(x, t),\hat{\theta}(x, t))^{\mathrm{T}}$
. (4) , $x$ ,
.
$\Psi(x, t)=\psi(y, z)\exp[i(kx-\omega t)]$ . (5)
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, $\psi$ , , ,
$\psi(y, z)=(\tilde{p}(y, z),\tilde{u}(y, z),\tilde{v}(y, z),\tilde{w}(y, z),\tilde{\theta}(y, Z))\mathrm{T}$
. $k$ , $\omega$
, . $k$ $0$ 2 ,
. . $-^{\mathit{1}}$ , $k\neq 0$
3 *. .
(5) (4) , ,
$L_{1}\psi=i\omega \mathcal{I}_{1}\psi$ (6)




$0$ $nik$ $\partial_{y}$ $\partial_{z}$ $0$
$nik$ $S_{n}^{1}$ $\overline{U}_{y}$ $\overline{U}_{z}$ $0$
$\partial_{y}$ $0$ $S_{n}^{1}$ $0$ $0$




$0$ $0$ $0$ $-1$ $S_{n}^{2}$
’ (7)
$S_{n}^{1}$ $=$ $nik\overline{U}-Re-1(\partial yy+\partial_{z\mathcal{Z}^{-n^{2}}}k^{2})$ ,
$S_{n}^{2}$ $=$ $nik\overline{U}-Pr^{-}1Re^{-1}(\partial yy+\partial_{zz}-n^{2}k^{2})$ .
, $\mathcal{L}_{n}$ , $n\neq 1$
. (6) $\mathcal{I}_{1}$ $5\cross 5$ $(1,1)$ $0$ .
(6) $y,$ $z$ , 1
4 , . ,
1, 2,. . . .
3.1 $(k=0)$
, (6) $\omega$ . ,
$({\rm Im}\omega=0.)$ \mbox{\boldmath $\omega$} $=0$ , , .
* , $y$ – .
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1 $(\tilde{p}_{eo},\tilde{u}_{eo},\tilde{v}\tilde{w}\tilde{\theta})oQ’ ee’ \mathrm{e}e$
$2$ $(\tilde{p}_{OO’ \mathrm{O}O’ eo’ oe’ oe}\tilde{u}\tilde{v}\tilde{w}\tilde{\theta})$
$3$ $(\tilde{p}_{ee’ ee8’ \mathrm{e}\circ}\tilde{u},\tilde{v}_{O}\tilde{w},\tilde{\theta}_{e\circ})$
$4$ $(_{\tilde{P}_{O6}},\tilde{u}o\mathrm{e}’\tilde{v}ee’\tilde{w}_{o\circ},\tilde{\theta}_{\circ O})$
1: 4 . $e$ , $\mathit{0}$
. , eo , y , z
.
, $(Re, Pr, A)$ –
( ) ,
, $Ra_{\mathrm{c}}^{L}$ . $Ra_{c}^{L}$
, (6) $k=0,$ $\omega=0$ . (6) 5
1 , $\tilde{v}=\psi_{z}/(PrRe),\tilde{w}=-\psi y/(Pr\dot{R}e)$ $\psi(y, z)$
. (6) $\tilde{p}$ ,
, .
$(\partial_{yy}+\partial zz)^{2}\psi_{-}Ra^{L}\tilde{\theta}cy=0$ ,
$(\partial+yy\partial zz)\tilde{\theta}-\psi y=0$ . (8)
$\psi$ $\tilde{\theta}\text{ ^{ }}$, $\psi=\psi_{z}=\tilde{\theta}=0$ ,
$\psi=\psi_{y}=\tilde{\theta}=0$ . (8) , $Ra_{c}^{L}$
, .
(8) , 13 ,
.
$\psi(y, z)$ $=$ $\sum_{m=0}^{M}\sum^{N}\psi_{mn}F_{m}(2y/An=0)F_{n}(2_{Z})$,
$\tilde{\theta}(y, z)$ $=$ $\sum_{m=0}^{M}\sum^{N}n=0\theta_{mn}Gm(2y/A)G_{n}(2z)$ . (9)
$G_{n}$ , $T_{n}(n=0,1, \ldots)$
61
.$F_{2n}(x)$ $=$ $T_{2n+4}(x)-(n+2)^{2}T_{2}(x)+(n+1)(n+3)T_{0}(X)$ ,
$F_{2n+1}(x)$ $=$ $T_{2n+5}(x)-(n+2)(n+3)T_{3}(x)/2+(n+1)(n+4)T_{1}(X)/2$ ,
$G_{2n}(x)$ $=$ $T_{2n+2}(X)-T_{0}(_{X)}$ ,
$c_{2n+1}(x)$ $=$ $T_{2n+3}(X)-T1(X)$ .
$F_{n}(\pm 1)=F_{n}J(\pm 1)=G_{n}(\pm 1)=0$ . (9) (8)
, ,
$(\psi 00, \ldots, \psi_{M}N, \theta 00, \ldots, \theta MN)$ .
, .
, $\mathrm{Q}\mathrm{Z}$ , ,
.
$A=1,2,3,4$ 2 . $Ra^{*}$
$Ra_{c}^{L}$ . $(Re^{*}, k_{c}, \omega_{c})$
, 3.1 .
10 , – .







13 – . 2
, 13 , 14 – .
, 13 .
, 8 – .
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$Pr$ A $Re^{*}$ $Ra^{*}$ $k_{c}$ $\omega_{c}$
0.71 181.14 501171 2.55 172 2
23746 238487 224 1.59 1
32436 199628 270 200 2
41842 186765 289 217 1
711400 501171 270 218 2
28079 238487 2.14 1.79 1
35317 199628 258 219 2
43972 186765 280 240 1
2: $Re^{*}$ , $Ra^{*}$ , $k_{c}$ , \mbox{\boldmath $\omega$}c’
, . , 1 .
3.2 $(k\neq 0)$
, (6) $\tilde{p}$ $\tilde{u}$ ,
.
$\mathcal{T}_{1}(y, z)\tilde{v}+\mathcal{T}_{2}(y, Z)\tilde{w}=i\omega[(\partial_{yy}-k^{2})\tilde{v}+\partial_{yz}\tilde{w}]$ , (10a)





2(y, $z$ ) $=s_{1}^{1}\partial+yzik(\overline{U}\partial_{z}-\overline{U}z\partial-y\overline{U}_{yz})y$
. , $z=\pm 1/2$ $\tilde{v}$ $=\tilde{w}=\tilde{w}_{z}=\tilde{\theta}=0$ , $y=\pm A/2$
$\tilde{v}$ $=\tilde{v}_{y}=\tilde{w}=\tilde{\theta}=0$ . , (9)
$F_{n},$ $G_{n}$ , $\tilde{v},\tilde{w},\tilde{\theta}$ . (10)
, $A$ , $Pr$ , $R$. $e$ , $k$ ,
$Ra$ , $\omega$ . $k$
$\omega$ $0$ ( ) , .
, $\mathrm{Q}\mathrm{Z}$ , Im\mbox{\boldmath $\omega$}
$0$ . , , \mbox{\boldmath $\omega$}( ),
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1: 1, 2 . $Pr=0.71$ . $(\mathrm{a})A=1$ .




. $(\tilde{p}_{\mathrm{e}e},\tilde{u}_{ee},\tilde{v}_{oe},\tilde{w}_{e}\tilde{\theta}_{eo}\text{ }’),$ $(\tilde{P}oe’\tilde{u}o\mathrm{e}’ e\mathrm{e}\tilde{\theta}\tilde{v}’\tilde{w}_{O\text{ }},)oO$
3,4 , $(\tilde{p}_{eo},\tilde{u}_{\mathrm{e}o’\circ \mathit{0}}\tilde{v},\tilde{w}’\tilde{\theta})\mathrm{e}\mathrm{e}e\mathrm{e}’(\tilde{p}_{OO},\tilde{u}_{O}\text{ }’\tilde{v}\text{ }\mathit{0}’\tilde{w}_{o}’\tilde{\theta}\text{ }e)\mathrm{e}$
1,2 ,
. , 1, 2
. ,
1, 2 $(k=0)$ 1 $(k\neq 0)$
. 1
, $Ra_{c}^{T}$ . , , $k_{c},$ $\omega_{c}$




$Ra_{c}^{L}$ ’ 2 \dagger . $Ra_{C}^{L}=Ra^{\tau}c$
, $(Re^{*}, Ra^{*})$ . $Re<Re^{*}$
, $Re^{*}<Re$ .
, $A=4$ . $A=4$
, $A=3$ ,
. $Pr,$ $A$
2 . $M=N=33$ ,
$Ra^{*}$ 10 , $Re^{*}$ 7 . –
. 2 $Re^{*}$ , [6] 14 $Ra_{c}^{L}$
– . ,
$\uparrow$ Platten Legros [5] , [6]
. , $Ra_{\mathrm{c}}^{L}$ ,
13 .
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2: $Ra_{C}^{L}$ $Ra_{c}^{T}$ ,











, $\tilde{R}\sim 1$ . $\epsilon=0$ , $(Re, Ra)$ $(Re^{*}, Ra^{*})$





$\Psi=\sum_{\infty n=-m}^{\infty}\sum_{1=\max}\infty(,|n|)\epsilon^{m}\Psi_{nm}\exp[ni(k-\omega t)c^{X}C]$ . (11)
65
, $\Psi_{\mathit{0}m}$ , $\Psi_{-nm}=\Psi_{nm}^{*}$ .
. , ,
. , $\Psi_{nm}$ t\sim \mbox{\boldmath $\omega$}c-l
. $t_{k}=\epsilon^{2k}t,$ $(k=1,2, \ldots)$
, $\Psi_{nm}=\Psi_{nm}(y, z, t1, t2, \ldots)$ .
(4) $(Re^{*}, Ra^{*})$ , (11)
, \epsilon .
$O(\epsilon)$ : $(-ni\omega_{C}\mathcal{I}_{1}+\mathcal{L}_{n})\Psi_{n1}=0$, $(n=0,1)$ , (12)
$O(\epsilon^{2})$ : $(-ni\omega_{\mathrm{C}}\mathcal{I}_{1}+\mathcal{L}_{n})\Psi_{n2}=N_{n2}$ , $(n=0,1,2)$ , (13)
$O(\epsilon^{3})$ : $(-ni\omega_{C}\mathcal{I}_{1}+\mathcal{L}_{n})\Psi_{n3}=N_{n3}$ , $(n=0,1)$ . (14)
, \Sigma :$=1$ $\epsilon^{m}\Psi_{\mathit{0}m}$ ,
. $A_{L}$
. , \Sigma m\infty$=1$ $\epsilon^{m}\Psi_{1m}$ ,
$A_{T}$ . $A_{L},$ $A_{T}$ , (14)




$A_{L}$ , (15a) . - ,
$A\tau$ , (15b) . $Pr,$ $A$
3 .
, .
, $A_{L}$ $A\tau$ . $x$







3: $D=\lambda_{11\mathit{0}\lambda}r\mathit{0}01^{-}\lambda \mathit{0}\mathit{0}\mathit{0}\lambda^{r}111$ . $r$
, $i$ .
.
(15) , $|A_{L}(t)|=a(t),$ $|A\tau(t)|=b(t)$ , $\lambda_{0=}-\epsilon^{2}\tilde{R}\lambda_{\mathit{0}Ra}$ ,




, $r$ . $P_{\Gamma},$ $A$
c , \mbox{\boldmath $\lambda$}o $\lambda_{1}^{r}$ , $(Re, Ra)$
.
(16) , $a=b=0$ , :
(i) , $a=\sqrt{\lambda_{0}/\lambda_{00\mathit{0}}},$ $b=0$ . (ii) , $a=0,$ $b=\sqrt{\lambda_{1}^{r}/\lambda^{\Gamma}111}$ .
(iii) , $a=\sqrt{(\lambda_{11}\mathit{0}\lambda_{1}\gamma-\lambda 0\lambda^{r})111/D},$ $b=\sqrt{(\lambda_{0}\lambda_{0}^{r_{01}}-\lambda 00\mathit{0}\lambda r)1/D},$ $D=$
$\lambda_{110}\lambda_{\mathit{0}0}r1-\lambda 0\mathrm{o}\mathrm{o}\lambda_{111}r$ . 3 \mbox{\boldmath $\lambda$}ORa , $Ra>$
$Ra^{*}$ . , $\lambda_{00}0>0$ ,
. , .
, , $\lambda_{1Re}^{r}(Re-Re^{*})/(\lambda_{1Ra^{RR}}^{r}ee^{*})<Ra-Ra*$
. \mbox{\boldmath $\lambda$}rlll , . , 3




3: . $0$ , $\mathrm{L}$ , $\mathrm{T}$ ,
$\mathrm{M}$ . ,
, , .
$\lambda_{1}^{r}=0$ , \mbox{\boldmath $\lambda$}110\mbox{\boldmath $\lambda$}1--\mbox{\boldmath $\lambda$}0\mbox{\boldmath $\lambda$}flll $=0$ , \mbox{\boldmath $\lambda$}o\mbox{\boldmath $\lambda$}OOl $-\lambda_{000}\lambda_{1}r=0$ .
3 , . ,
$Pr$ $A$ .
, . 3 , (16)
, (16)
4 . , $(Re, Ra)$
, – . ,




$D$ . $D$ , $(\mathrm{a})-(\mathrm{d})$
, (e) $4(\mathrm{f})$ . ,
$D$ , $D<0$ ,
. Brand [8]




[10] , $(Pr=7.0)$ , ,
5 ( 10 Fig. 18) :(I)
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4: (16) . (a), (b), $\ldots,$ $(\mathrm{e})$ , 3 $\mathrm{a},$ $\mathrm{b},$ $\ldots$ ,
$\mathrm{e}$ . (f) , $D<0$ 3 $\mathrm{e}$
. , .
$da/dt=0$ , $db/dt=0$ .
, (II) , (III) $-\ovalbox{\tt\small REJECT} r\mathrm{s}$, (IV) ( )
, (V) . ( 3) , (V)
, – . ,




, $A=3.7$ , t\supset --,’ 2 1
(3.1 )[14]. Ouazzani $A=3.63$
, 37 – . ,







[1] H. Moffat& K. F. Jensen: J. Crystal Growth 77(1986) 108-119.
[2] K. S. Gage & W. H. Reid: J. Fluid Mech. 33(1968) 21-32.
[3] K. Fujimura &R. E. Kelly: Phys. Fluids 7(1995) 68-79.
[4] S. H. Davis: J. Fluid Mech. 30(1967) 465-478.
[5] J. K. Platten&J. C. Legros: Convection in Liquids, (Springer, 1983) 556-564.
[6] , , : 15 (1996) 417-427.
[7] T. Tatsumi & T. Yoshimura: J. Fluid Mech. 212(1990) 437-449.
[8] H. R. Brand, R. J. Deissler & G. Ahlers: Phys. Rev. A 43(1991) 4262-4268.
[9] H. W. M\"uller, M. Tveitereid & S. Trainoff: Phys. Rev. $\mathrm{E}$ 48(1993) 263-272.
[10] M. T. Ouazzani, J. K. Platten &A. Mojtabi: Int. J. Heat Mass Transfer
33(1990) 1417-1427.
[11] M. T. Ouazzani, J. K. Platten&A. Mojtabi: Applied Scientific Research 51
(1993) 677-685.
[12] J. M. Luijkx & J. K. Platten: J. Non-Equilib. Thermodyn. 6(1981) 141-157.
[13] N. Y. Lee, W. W. Schultz & J. P. Boyd: Int. J. Heat Mass Transfer 32(1989)
513-520.
[14] J. Mizushima: J. Phys. Soc. Japan 64(1995) 2420-2432.
[15] , : 16 (4) (1999) ( ).
70
